P
reterm infants are at an increased risk of a spectrum of brain injuries to the white matter, which are thought to arise from a combination of inflammation, disturbance to differentiating premyelinating oligodendrocytes, astrogliosis, microglial activation, and impaired myelination (1) (2) (3) . Premyelinating oligodendrocytes in the developing brain are particularly vulnerable to oxidative and excitotoxic stress (4, 5) , and activated microglia are thought to contribute to this (6) . Microglia, the resident phagocytic cells of the central nervous system (7) , take on a ramified quiescent morphology in the normal mature brain, but the active forms of intermediate and amoeboid morphologies are most common in normal developing brain (8) . Activated microglia in the developing white matter are involved in eliminating transcallosal projections (9) , vascularization and angiogenesis (7) , myelination (10) , programmed cell death, synaptic pruning (11) , and axonal guidance (12) .
Even though a recent study indicated that microglia exert a protective effect (13) , most data suggest that they are injurious. It was proposed that the normal developmental increase in resident microglia renders the human neonatal periventricular white matter (PVWM) more susceptible to injury (6, 8, 14, 15) . The PVWM regions are the most frequent site of preterm white matter injuries, such as periventricular leukomalacia, punctate lesions, and diffuse excessive high signal intensity, which are evident on magnetic resonance imaging (MRI). Animal studies have highlighted the critical role played by microglia in periventricular leukomalacia (16) , lipopolysaccharide-induced inflammation (17, 18) , neonatal hypoxic-ischemic encephalopathy (17, 19) , and germinal matrix hemorrhage/intraventricular hemorrhage (GMH/IVH) (20) . Despite a decrease in its incidence with routine use of both antenatal steroids and artificial surfactant at delivery, GMH/IVH remains one of the major complications of very preterm birth and brain injury. These neonates have an increased mortality rate (21) and display a high incidence of posthemorrhagic hydrocephalus, cerebral palsy, developmental disabilities, and cognitive impairments (22, 23) . A recent postmortem study has shown suppressed cell proliferation and decreased numbers of premyelinating oligodendrocytes in the ganglionic eminence following preterm GMH (24) , which may have an adverse effect on the premyelinating oligodendrocyte population and myelination.
The aim of this study was to investigate the microglia profile in noninjured preterm brain and to compare this profile with preterm brains with evidence of GMH/IVH. We hypothesized that activated microglia in the PVWM of the noninjured brains are abundant relative to other brain regions and that a further increase in microglia would be seen in the normal-appearing PVWM of the GMH/IVH brains.
Results
Case details are shown in Table 1 . In both groups, the cause of death was a result of withdrawal of care or congestive heart failure due to extreme prematurity, as reported by the perinatal pathologist. Three of the controls and three of the GMH/IVH Articles Supramaniam et al.
cases had confirmed amniotic fluid infection (AFI). Although the study groups were not age matched, there was no difference in the gestational age (GA) at birth or postmenstrual age at death between the two groups (P > 0.05). The postnatal age of the GMH/IVH group was significantly higher than that of the control group (P < 0.05).
There was no significant difference in the number of Iba1-, CD68-, CD45-, or caspase-3-immunopositive cells between the different lobes of the brain assessed in specific regions of interest (ROIs) (GM, PVWM, deep white matter (DWM), and cerebral cortex) in the two groups. Therefore, specific cell counts from the three lobes in an individual brain have been combined for each ROI.
In the control and GMH/IVH groups, the number of microglia in the GM and PVWM increased significantly (P < 0.05) with increasing postnatal age (control: GM r 2 Articles Microglia in immature human brain microglia:ramified microglia in the GM and PVWM were 50:1 and 9:1, respectively) (P < 0.05). Microglia morphology is illustrated in Figure 1 .
Iba1-Immunopositive Microglia in the Control and GMH/IVH Groups
In both groups ( Table 2) , the total number of microglia in the GM was significantly higher than in any other ROI (Figure 2b,d,e) . Microglia in the PVWM was significantly higher than in the DWM and cortex (Figures 2f and 3c) . The total number and distributions of microglia in the different ROIs in the control cases with evidence of AFI were not significantly different from those without AFI (P > 0.05) ( Table 2 ). The total number of microglia in the PVWM was significantly higher in the GMH/IVH as compared with the control group (P < 0.05) ( Table 2 ). The study cohort had two sets of twins, with postnatal age <2 d, in which one twin from each set served as a control (cases no. 1 and 2) and the other was the age-matched GMH/IVH twin (cases no. 1 and 2) with mild hemorrhage (grade II) and no AFI. Of interest, the microglia number in the PVWM of the GMH/IVH twins (124.30 ± 2.97) was higher than that of the control twins (93.53 ± 8.22).
The total number of microglia in the PVWM of the severe GMH/IVH (grade III/IV) cases (170.80 ± 11.54) was significantly higher than that of the mild GMH/IVH (grade I/II) (133.22 ± 4.55) (P < 0.05). Of note, PVWM microglia of mild GMH/IVH was still higher than that of the control (105.59 ± 04.72) (P < 0.05). There was no additional effect of AFI on the number of Iba1-immunopositive microglia.
CD68-and CD45-Immunopositive Microglia and Cell Proliferation
The majority of the Iba1-immunopositive microglia in the control GM and PVWM were Iba1/CD68 colocalized rather than Iba1/CD45 colocalized (P < 0.05) (Figure 4 ). There was a significant increase in the number of Iba1/CD68 colocalized microglia in the PVWM of the GMH/IVH as compared with the control group. In the GMH/IVH group, there was greater Iba1/CD68 colocalization than Iba1/CD45 colocalization in the PVWM ( Figure 5 ). There was also a significant increase in CD45-immunopositive cells in the GM and PVWM with GMH/IVH as compared with the controls; however, a smaller proportion of these cells were Iba1/CD45 colocalized.
To address whether the increase in microglia in the PVWM of the hemorrhage brains was due to an increased proliferation of CD68-immunopositive cells, we assessed CD68/Ki67 colocalization. The results showed some CD68/Ki67 colocalization in the PVWM hemorrhage cases (Figure 6 ), suggesting that increased proliferation accounts for at least a small proportion of the increased numbers of CD68-immunopositive cells.
Cell Apoptosis, Axonal Injury, and Cytokine Production
The appearance of caspase-3 apoptotic cells in the PVWM (40.91 ± 8.74) of the GMH/IVH brains (Figure 2g ) was significantly higher than that of the control group (18.71 ± 3.85) (P < 0.05). Apoptosis in PVWM increased with severity of hemorrhage (48.08 ± 2.62 severe vs. 33.57 ± 0.70 mild).
There was evidence of amyloid precursor protein-immunopositive axonal retraction balls, which are indicative of swollen and disconnected axons, in the PVWM of the two severe hemorrhage cases (Figure 2h ). These two cases also showed . there was no MRI or histological evidence of pathology. the GM is shown as (a) a high signal intensity region (long black arrow) on t1-weighted image and (b) a low signal intensity region (black arrow) on t2-weighted image. the GM is most prominent in the caudothalamic notch (a, short black arrow). this corresponds to (d) a cell-dense GM region on H&e histology (arrow) and (e) a dense population of Iba1-immunopositive microglia in the GM (arrow). (a) the cortex is shown as high signal intensity (white arrow) on t1-weighted image. the PVWM is seen as high signal intensity (short black arrow) on t2-weighted image (in c), with (f) a few Iba1-immunopositive microglia (arrow). the DWM is seen as a region of low signal intensity (long black arrow) (in c). Bar = 500 μm (in d), 100 μm (in e), and 50 μm (in f). DWM, deep white matter; GM, germinal matrix; H&e, hematoxylin and eosin; MRI, magnetic resonance imaging; PMA, postmenstrual age; PVWM, periventricular white matter. 
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Microglia in immature human brain the highest incidence of caspase-3 apoptotic cells and activated microglia in the PVWM. Of interest, there was no overt injury evident to the brain on postmortem MRI or on microscopy at conventional postmortem.
Tumor necrosis factor-α (TNF-α) was highly expressed in the PVWM of the severe hemorrhage brain as compared with the mild hemorrhage and control groups (Figure 6d-i) . Interleukin (IL)-10 expression was minimal in the control and GMH/IVH brains.
DIsCussIoN
We have shown an increase in microglia in the PVWM as compared with other brain regions in the preterm human. This was increased further in the PVWM adjacent to GMH/IVH and was mostly due to CD68/Iba1 microglia; it occurred in the presence of a normal macroscopic and MRI appearance of the PVWM. However, this increase was only partly explained by an increased proliferation of CD68 microglia. The increase in microglia in the presence of GMH/IVH was also associated with an increase in apoptotic cells, axonal injury, and enhanced microglial expression of the proinflammatory cytokine TNF-α in the PVWM in the most severe cases.
The large numbers of microglia in the control PVWM as compared with other areas is consistent with previous studies (14, 25, 26) , in which they were also mainly of amoeboid or intermediate active morphology. Microglia in the preterm PVWM were predominantly Iba1/CD68-immunopositive activated microglia. We demonstrated a further increase in Iba1/ CD68-immunopositive activated microglia in the PVWM in association with GMH/IVH. The more marked the severity of hemorrhage, the greater the microglia increase. Dommergues et al. (15) suggested that the increase in PVWM microglia in an excitotoxic brain injury rodent model was primarily due to proliferating resident populations of these cells. Of note, we found that a proportion of CD68-immunopositive cells expressed the marker Ki67 in the PVWM of the hemorrhage brains, indicating that proliferation contributes at least to a minor degree to the increased number of microglia. Our findings, however, support previous human studies in which a quick recruitment, migration, and transformation of microglia of hematopoietic origin to CD68-expressing microglia was suggested as being the main mechanism for the enhanced number of microglia (27) . It is unclear how quickly CD45-immunopositive microglia There was evidence of increased apoptosis in the PVWM of the hemorrhage group, and with increased severity there was increased cell apoptosis, which was associated with axonal injury in the PVWM. However, there were no imaging or histological evidence at postmortem consistent with white matter injury or infarction. To the best of our knowledge, axonal injury in association with isolated GMH/IVH that is not complicated by overt venous parenchymal infarction in the preterm neonate has not been shown previously. These findings support previous studies of a preterm rabbit model of GMH, a mouse model of IVH, and human preterm IVH in which researchers have suggested an involvement by microglia in cell apoptosis and neuronal degeneration in the PVWM and axonal injury in the DWM (20, 28) . However, the hemorrhage in the animal models (20, 28) and in the preterm human brains (20) were grade III and grade IV, which is more severe than in the current study. We have therefore illustrated that even in milder forms of hemorrhage (grade I/II), there is still an increased activation of microglia and cell apoptosis in the PVWM. We also showed an increased expression of the proinflammatory cytokine, TNF-α, in PVWM of the severe hemorrhage brains, whereas the anti-inflammatory cytokine IL-10 remained unchanged. Our data support previous studies showing that the overactivation of microglia in these more severe GMH/IVH cases may be a contributing factor to the increased apoptosis and axonal injury through the release of immune-inflammatory mediators (29, 30) . Studies have shown that blood-derived mediators from the hemorrhage, such as thrombin and plasminogen, may be involved in upregulating inflammatory cytokine release by microglia and adjacent white matter injury (31, 32) . In the preterm neonate with GMH/IVH, white matter involvement with venous infarction may take 24-48 h to develop on ultrasound (33) . The hemorrhage cases showing evidence of axonal injury in our study had a postnatal age >48 h at the time of death and had no imaging evidence of white matter involvement, suggesting that white matter injury can occur in the absence of overt changes on conventional imaging.
Although we have demonstrated an increase in activated microglia in the normal-appearing PVWM of hemorrhage brains in this small number of human cases, we cannot disregard the fact that preterm birth itself could be a potential additional trigger for injury to the vulnerable PVWM. Moreover, the characterization of the different microglia phenotypes and their activation pathways (34) would help elucidate whether the activation of these cells has a beneficial or detrimental effect on the immature brain.
This study has also highlighted that low-field-strength MRI and conventional macroscopic postmortem examination may not be sensitive enough to diagnose the microscopic tissue damage that is observed in our cohort of preterm hemorrhage brains. Back and colleagues (35, 36) have more recently suggested that higher field strengths would be more sensitive in detecting histophathologically defined diffuse white matter injury, which may not be evident on conventional MRI. Although magnetic field strengths of 1.5T and 3T are more clinically relevant, high-field-strength MRI may be required for future postmortem studies to diagnose more subtle forms of white matter injury for comparative histological studies as seen in our cohort of preterm hemorrhage brains.
MetHoDs
Informed parental consent was acquired according to the guidelines of the National Health Service UK. Study ethics were obtained from the National Research Ethics Service, Hammersmith and Queen Charlotte's and Chelsea Research Ethics Services, London, UK. Sixteen extremely preterm postmortem brains (<32 wk GA) of vaginally delivered neonates were obtained from the Perinatal Pathology Department, Imperial Health Care Trust, London, UK.
Subjects
Nine of the cases showed no significant brain pathology on macroscopic and microscopic examination and no visible brain abnormalities on postmortem MRI. Seven of the brains showed GMH/IVH but no overt white matter abnormalities on postmortem MRI or white matter pathology at conventional autopsy ( Table 1) . The hemorrhage cases were classified using the Papile grading system (3), and for the purposes of this study, grades I and II were classified as mild and grade III as severe (there were no grade IV cases). Three of the controls and three of the hemorrhage cases, assessed by the pathologist, had confirmed AFI, with evidence of focal presence of neutrophils in the lung and histological evidence of umbilical funisitis, chorioamnionitis, and deciduitis. Neonates with periventricular leukomalacia, hypoxic-ischemic encephalopathy, major congenital anomalies, chromosomal defects, intrauterine death, termination, or overt culture-positive sepsis were excluded from this study.
Tissue Preparation and MRI
The bodies were refrigerated (2-4 °C) before postmortem examination, which was performed within 1-3 d of death. Whole brains after postmortem were fixed in 4% formalin before MRI; brains were fixed for 1-5 wk depending on size. MRI was performed using a 3 Tesla Philips scanner (Philips Medical Systems, Best, The Netherlands) and an eightchannel phased array adult knee-coil with the brains suspended in 4% formalin within an air-evacuated plastic container. Images were analyzed for normal anatomical structures, the presence of GMH/IVH evidenced most readily by abnormal regions of low signal intensity on T2-weighted MRI within the GM and/or within the lateral ventricles, and any overt abnormal signal intensity within the white matter. The postmortem images demonstrated good tissue differentiation and were used to confirm normal-appearing white matter in both groups and to confirm the presence and assess the severity of hemorrhage in the GMH/IVH group. The ventricles were clearly identified as low signal intensity on T1-weighted images and high signal intensity on T2-weighted images (Figure 2a,b) . The normal GM was identified as symmetrical high signal intensity on T1-weighted images and low signal intensity on T2-weighted images (Figure 2a,b) proximal to the lateral ventricles and most prominent in the caudothalamic notch (Figure 2a) . The white matter showed fairly uniform low signal intensity on T1-weighted and high signal intensity on T2-weighted images. The PVWM and DWM were evident as high signal intensity and low signal intensity regions on T2-weighted (Figure 3c ) and T1-weighted MRI, respectively. The cortex was identified as high signal intensity on T1-weighted image (Figure 2a) . Areas of hemorrhage were seen as Articles Supramaniam et al. irregular regions of low signal intensity on T2-weighted postmortem MRI within the GM (Figure 3a) , distorting its normal shape. A hemorrhage of low signal intensity could also be detected within the ventricles in some cases (Figure 3a) .
Paraffin-embedded tissue sections from the frontal (at the level of medial frontal gyrus), parietal (at the level of postcentral gyrus including the centrum semiovale central white matter), and parietotemporal (at the level of Ammon's horn) lobes were used for immunohistochemistry.
Hematoxylin and Eosin Histochemistry
Following routine deparaffinization and hydration in water, standard hematoxylin and eosin histology staining was performed (Gill's 1 Hematoxylin and Eosin solution was purchased from Thermo Scientific, Loughborough, UK).
Immunohistochemistry
Antibodies used to investigate the microglia population were polyclonal Iba1 (1:1,000; Wako Chemicals, Richmond, VA), monoclonal CD68 (kp-1 clone, 1:800; DAKO, Ely, UK), and monoclonal CD45 (LCA clone, 1:500; DAKO). All three antibodies are expressed in ramified and activated microglia (26, 37) . CD68 is also expressed in the lysosomal granules of macrophages in both the developing and adult brain (38, 39) and is a marker of phagocytosis. CD45 is expressed in nucleated hematopoietic cells and lymphocytes. Activated microglia in the first-trimester human brain preferentially express Iba1 and CD45 and are suggested to be of hematopoietic leukocyte origin (8, 26, 37) . As microglia accumulate in these sites, they become more Iba1-and CD68-immunopositive (8, 26, 37) . By 25-30 wk GA, Iba1-immunopositive resident microglia populations in the developing human brain were strongly CD68-immunopositive and only slightly CD45-immunopositive (40) . Polyclonal cleaved Caspase-3 (1:200; Cell Signalling Technology, Hitchin, UK) and monoclonal amyloid precursor protein (1:1,000; Boehringer Ingelheim, Bracknell, UK) were used to identify apoptotic cells and axonal injury, respectively. Monoclonal Ki67 (1:500; DAKO) was used to assess cell proliferation, and monoclonal TNF-α and IL-10 (1:100; R&D Systems, Minneapolis, MN) were used to investigate pro-and anti-inflammatory processes, respectively. Following routine deparaffinization and hydration in water, endogenous peroxidase activity was quenched by placing the slides into 3.0% hydrogen peroxide (VWR, Leighton Buzzard, UK). The slides were immersed in preheated antigen retrieval solution, pH 6.0 or 10 mmol/l citrate buffer pH 6.0 (VWR) before blocking in 10% normal horse or goat serum (Vector Laboratories, Peterborough, UK) for 20 min and incubation overnight at 4 °C with one of the primary antibodies. This was followed by exposure to the secondary biotinylated antibodies (1:100; Vector Laboratories) horse-antimouse (monoclonal) or goat-antirabbit (polyclonal) for 1 h, and then to avidin-biotin complex (1:200, ABC; Vector Laboratories). The reactions were visualized with the chromagen 3,3′-diaminobenzidine (DAB Substrate; Sigma-Aldrich, Gillingham, UK) before light hematoxylin counterstain (VWR).
Immunofluorescence
Following the antigen retrieval step, the slides were rinsed in phosphate-buffered saline, then immersed in 200 mmol/l glycine buffer pH 7.4 (Fisher Scientific, Loughborough, UK) for 20 min and in phosphate-buffered saline (VWR). The blocking step was performed using a mixture of 5% normal horse serum and 5% goat serum (Vector Laboratories). The slides were incubated overnight at 4 °C in either antibody cocktail containing Iba 1/CD68 or Iba 1/CD45. This was followed by exposure of a secondary cocktail of Dylight594 antirabbit IgG and Dylight488 antimouse IgG fluorescent antibodies (Vector Laboratories). Double immunofluorescence sequential labeling was undertaken for Ki67/CD68 or Ki67/CD45 and Iba1/TNF-α or Iba1/IL-10. The CSAII Tyramid Amplification System (DAKO) was used for anti-Ki67 or antiIba1, then incubated for 1 h followed by overnight incubation with anti-CD68, anti-TNF-α, or anti-IL-10. Slides were rinsed with phosphate-buffered saline and incubated in Alexa546-conjugated donkeyantimouse (for Ki67) or goat-antirabbit (for Iba1) (Invitrogen, Paisley, UK). The slides were mounted using DAPI mounting medium (Vector Laboratories).
Microscopy and Quantification
The ROIs, namely the GM, PVWM, DWM, and cerebral cortex were identified and examined in the tissue samples. On the histology tissue sections stained with hematoxylin and eosin, the PVWM was identified as white matter directly adjacent to the GM with fiber orientation that was both tangential and radial, whereas the DWM was white matter in the intermediate zone (and further from the ventricle/germinal matrix) with predominantly radial fiber orientation (Figure 1) . Immunopositive cells (Iba1, CD68, CD45, and caspase-3) were counted per high-power field at ×400 magnification (0.05073 mm 2 ) either on a Leica DM1000 LED brightfield microscope with a Leica DFC295 camera or a Leica DM6000B fluorescence microscope with a CCD color video camera and LAS software (Leica Microsystems, Milton Keynes, UK). An average of three counts was made per ROI. The high-power fields were selected on the basis of highest density of immunopositive cells identified within each ROI. In the GMH/ IVH cases, the hemorrhage itself and the cellular infiltration was nonuniform; hence, we used the same counting methods for quantification. Ki67-, TNF-α-, and IL-10-immunopositive results were not quantified.
Statistical Analysis
All data were tested for normality using the Shapiro-Wilk parametric test. Unpaired t-test or Mann-Whitney U nonparametric test was used to identify significant differences between the two groups for GA at birth, postnatal age, and postmenstrual age at death. Kruskal-Wallis multiple-comparison ANOVA was used to assess cell counts. Simple linear regression analysis and Pearson correlation coefficient were calculated to assess the effect of postnatal age and PMA on microglia numbers. We then accounted for any effect using analysis of covariance. Results are expressed as mean ± SEM and statistical significance is set at P < 0.05. Statistical analysis was performed using StatsDirect software for Windows (v.2.7; StatsDirect, Altrincham, UK).
